Extracellularly distributed collagen and chondrocytes seeded in gelatine and poly-ε-caprolactone scaffolds are visualized by two-photon excitation microscopy (TPEM) and second-harmonic generation (SHG) imaging in both forward and backward nondescanned modes. Joint application of TPEM and SHG imaging in combination with stereological measurements of collagen enables us not only to take high-resolution 3-D images, but also to quantitatively analyze the collagen volume and a spatial arrangement of cell-collagen-scaffold systems, which was previously impossible. This novel approach represents a powerful tool for the analysis of collagen-containing scaffolds with applications in cartilage tissue engineering. C 2010 Society of Photo-Optical Instrumentation Engineers.
Introduction
Multiphoton microscopy is an evolving high-resolution technique that has been successfully applied in many fields of biomedicine. [1] [2] [3] Nonlinear microscopy can employ two different types of signals, fluorescence and second-harmonic generation (SHG), to image biological structures with subcellular resolution. Two-photon excited fluorescence imaging is a powerful technique for monitoring the dynamic behavior of chemical components of tissues, whereas SHG imaging provides novel ways to study their spatial distribution. 4 Two-photon excitation (TPE) of fluorescent molecules is a process that involves the simultaneous absorption of two photons whose total energy equals the energy for producing a molecular transition to an excited state, while the SHG is a coherent nonlinear process that takes place in certain mesoscopic structures lacking centrosymmetry-such as collagen, myosin, and microtubules-when excited by an extremely intense light. 5 To achieve the required photon density while maintaining an average laser power at a reasonable level, the laser light is concentrated into short pulses (about 200 fs) with a repetition rate of about 80 MHz. The wavelength of the emitted light is exactly one half of the excitation wavelength, and the emission intensity is proportional to the square of the excitation radiation intensity in the focal point. 6 The advantages of SHG imaging include high sensitivity and resolution, absence of photobleaching, lack of autofluorescence, and non-destructive imaging of native tissues.
SHG imaging has been used for the identification of type I collagen in fascia; 7 tendon; 8, 9 skin; 5, 10 and liver, where it was also used as a marker of liver cirrhosis. 11 Structural details of different types of collagen as well as its morphological changes observed during aging or disease were also studied by SHG imaging. 12 The major components of extracellular matrix in hyaline cartilage include type II collagen (≈60% of the dry weight), hyaluronic acid, and proteoglycans. 13 Cartilage damage as a consequence of diseases such as osteoarthritis is characterized by a decreased concentration of aggrecan, a shorter length of glycosaminoglycan chains, increased water content, and collagen degradation or altered organization. These changes result in an increase of tissue permeability and reduced cartilage stiffness. 14, 15 The aim of regenerative medicine is renovation or reconstruction of missing tissues; thus, it is largely dependent on progress in tissue engineering. Innovative scaffolds as well as application of novel visualization methods are hence extensively studied in many laboratories. Implantation of biodegradable scaffolds seeded with chondrocytes is an example of a promising technique used in modern therapy of osteochondral defects. The quality of implanted cell-seeded scaffolds, which is characterized by differentiated cells as well as extracellular matrix production, is an important factor for cartilage regeneration. 16, 17 Therefore, highly sensitive rapid visualization of collagen and cells is highly demanded to assess the quality of prepared implants.
Different scaffolds are characterized by differences in autofluorescence, TPE microscopy (TPEM), or SHG signals. 18 Both confocal laser-scanning microscopy (CLSM) and TPEM enable visualization of collagen using immunohistochemical staining. However, the fibrous or homogenous character of the collagen cannot be observed, since the antibodies are bound to the epitopes on the surface. On the other hand, SHG visualizes the whole collagen fibers even in the deeper part of the scaffold, which enables a spatial characterization with high sensitivity of the collagen in scaffolds of high thickness. The visualization of cells on the scaffold as well as extracellular matrix formation makes it possible to assess the proliferation and differentiation state of cells as well as collagen production and is of prime importance in tissue engineering. Simultaneous application of CLSM, TPEM, and SHG yielded imaging in great detail. The aim of the presented study was to test the sensitivity of nonlinear microscopic techniques for visualization of cells together with collagen and to quantitatively analyze collagen distribution.
Methods 2.1 Sample Preparation and Seeding
The scaffolds were produced from gelatine (Gelita Imagel BT, Type 68 917, gel 270 g Bloom, Gelita AG, Germany). A gelatine scaffold was prepared using 5% (w/w) gelatine solution in distilled water at 40 • C. The solution was thoroughly stirred in an agitator; subsequently, the foam was dried at room temperature for 48 h. Samples were then crosslinked using 0.7% (w/w) N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochlorid (type 03450, Sigma-Aldrich) in acetone/water (8:2 ratio) for 24 h at room temperature, and dried at room temperature for 48 h. The samples were then washed with distilled water to remove unwanted chemicals.
A poly-ε-caprolactone (PCL) foam scaffolds were prepared by salt-leaching techniques using 7% (w/w) PCL (Mw 80×10 3 , Sigma-Aldrich) dissolved in ethanol/chloroform mixture (1:9). NaCl particles were mixed with the solution mechanically. After solvent evaporation, salt particles were removed by stirring in distilled water.
Chondrocyte Isolation and Culture
Small pieces of cartilage were taken from the left femoral trochlea of a rabbit under general anesthesia. After a 14-h digestion period in 1 mg/mL collagenase solution (collagenase crude 816 PZS/g, Sevapharma), chondrocytes were collected and cultured for 14 days in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% foetal bovine serum (FBS), penicillin/streptomycin (100 IU/mL and 100 μg/mL, respectively), 400 mM L-glutamine, 100 nM dexamethasone, 40 μg/mL ascorbic acid-2-phosphate, and ITS-X (10 μg/mL insulin, 5.5 mg/L transferrin, 6.7 μg/L sodium selenite, and 2 mg/L ethanolamine). Chondrocytes were seeded on 5% gelatine foams and PCL foams at a density of 8.0 × 10 5 and 3.0×10 5 cells/scaffold, respectively (scaffold diameter = 6 mm, height = 1 mm). The cells were incubated at 37 • C in a 5% CO 2 atmosphere for 14 days.
Sample Staining
Scaffolds or cartilage samples were fixed by ethanol (-20 • C) and stained by propidium iodide [5 μg/mL in phosphate-buffered saline (PBS)]. Indirect immunofluorescence staining was used to detect type II collagen. Samples were fixed with 10% formaldehyde in PBS for 10 min, washed in PBS, and then incubated in 3% FBS in PBS/0.1% Triton X-100 at room temperature for 30 min.
The samples were incubated with the primary antibody against type II collagen, clone II-II6B3, obtained from Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development (NICHD) and maintained by the University of Iowa, Department of Biological Sciences (Iowa City, IA 52242) (dilution 1:20; 1-h incubation at room temperature). After three washes with PBS/0.05% Tween 20 after 3, 10, and 15 min, the samples were incubated with a secondary antibody Cy3-conjugated Donkey Anti-Mouse IgG (H + L) (dilution 1:300; 45-min incubation at room temperature, light protected). Samples were again washed with PBS/0.05% Tween 20 and once with PBS; subsequently, antifading solution was added [PBS/90% glycerol/2.5% 1,4-diazabicyclo(2,2,2)octane (DABCO)].
Image Acquisition
All images were acquired by a Leica TCS SP2 acousto-optical beamsplitter (AOBS) multiphoton confocal laser scanning microscope based on Leica DM IRE2 inverted microscope and equipped with the following light sources: Ar laser (458 nm/5 mW, 476 nm/5 mW, 488 nm/20 mW, 514 nm/20 mW), HeNe lasers (543 nm/1.2 mW, 633 nm/10 mW) for one-photon excitation, and a mode-locked Ti:Sapphire Chameleon Ultra laser (Coherent Inc., Santa Clara, California), tuneable from 690 to 1040 nm for TPE ( Fig. 1 ).
Imaging of fluorescence signal using one-photon excitation
Images of structures stained by propidium iodide were acquired using one-photon excitation (λ exc = 543 nm and λ em = 610 to 645 nm) via a photomultiplier located in the scanning head ( Fig. 1 ). Type II collagen stained by Cy3 was examined at λ exc = 514 nm and λ em = 555 to 600 nm, also using an internal detector. The gelatine and PCL scaffold thicknesses were 214 ± 75 and 195 ± 37 μm, respectively [mean and standard deviation (SD)].
SHG imaging
In our setup shown in Fig. 1 , the SHG signal was detected in three ways: (1) the backward descanned mode when the signal passed through the scanning head of the confocal microscope to PMT1, (2) the backward nondescanned mode when the signal was collected directly behind the objective by PMT4, and (3) the forward nondescanned mode when the signal passed through the sample into PMT5. For collagen detection the laser was tuned at the wavelength of 860 nm, hence the SHG signal was expected at 430 nm. In the descanned mode, the SHG signal was detected in the range of 420 to 440 nm. In a nondescanned configuration, which is supposed to improve the signal-to-noise ratio in the acquired images, the external detector was placed behind a 700-nm short-pass filter, which attenuates IR light, followed by a 430-nm bandpass filter with a bandwidth of 15 nm. To confirm the detection of the SHG signal we ensured that the signal disappeared when the excitation wavelength was changed to 800 nm, then reappeared after setting up a bandpass filter to 400 nm.
Imaging fluorescence signal using TPE
The fluorescence of the stained cells and/or autofluorescence of the scaffolds was also detected by TPEM using the internal detectors (in the descanned mode, see Fig. 1 ). An excitation wavelength of 860 nm was used to enable a simultaneous acquisition of the SHG signal. For detection, different wavelength ranges were applied using lambda scans to get as strong as possible autofluorescence of the samples.
Three-Dimensional Reconstructions
Further information on the spatial arrangement of tissues was obtained from three-dimensional (3-D) reconstructions based on series of optical sections of the specimen. 19 The 3-D visualization utilized a maximum intensity projection of these series using Leica LCS software and, further, volume rendering by the Volume plug-in module developed in Ellipse3D software environment (ViDiTo, Košice, Slovakia).
Results
SHG imaging was used for the identification of type II collagen in an extracellular matrix. To observe and detect collagen, chondrocytes were seeded on gelatine and PCL foams. The cell densities on 5% gelatine foam and the PCL scaffolds were 1.4×10 4 and 5.5×10 4 cells/mm 3 , respectively. Chondrocytes adhered well to the surface of PCL [ Fig. 2(a) ] and gelatine scaffolds (Fig. 3 ). As expected, cells proliferated effectively on scaffolds and were approximately 80 μm deep after 5 days. The cells were found to be grouped in large islands or formed continuous layers in pockets [Figs. 2(a), 2(b) and 3(a)].
Chondrocyte proliferation was linked to production of the extracellular matrix proteins. Collagen as a typical extracellular cartilage protein was visualized, first, by CLSM using fluorescently labeled monoclonal antibodies against type II collagen. Fluorescence staining clearly revealed only a sparse presence of collagen in gelatine foams, however, a high amount of type II collagen was detected in PCL scaffolds [Fig. 2(c) ]. We performed stereological measurements of collagen volumes in five 100-μm-deep series acquired from three PCL scaffolds. The measurements revealed 5.6 ± 1.8% (7.49×10 5 μm 3 ) and 2.6 ± 2.3% (3.43×10 5 μm 3 ) (mean and SD) of collagen volume related to volume of one series acquired from the scaffold (140.57×10 5 μm 3 ) using nondescanned and descanned modes, respectively.
Conventional confocal microscopy images were compared with the SHG imaging in both forward and backward nondescanned modes. Well detectable signals were observed in PCL and gelatine scaffolds (Figs. 2 and 3 ). Detection of collagen by SHG imaging corresponded well with collagen de-tection by immunohistochemical staining (Figs. 3 and 4 ). The autofluorescence signal was collected with the aim to visualize the scaffold structure. The collagen signal was detected at sites of high chondrocyte density on the scaffold.
Fluorescence collagen signal was acquired using CLSM [ Fig. 4(c) ]. An SHG signal of high intensity was detected in the extracellular matrix of cartilage as well as in the close vicinity of cells, indicating newly synthesized collagen. Beside collagen, chondrocytes and scaffolds were also visualized using a simultaneous acquisition of SHG and TPEM signals [ Figs. 2(a) , 3(b1) and 3(c1)].
The volume of visualized collagen (backward versus forward mode SHG signal) produced by cells in scaffolds was measured. Gray-scale-level thresholding of the 3-D image data was applied to identify regions of high-intensity SHG signal. Volumes of these regions were then calculated from the number of their voxels. Using threshold of 30 (0 to 255 gray scale), the volumes of collagen detected in backward and forward modes were 5.36×10 5 μm 3 and 1.54×10 5 μm 3 , respectively. The volume of the whole series was 140.57×10 5 μm 3 . This indicated a slightly higher sensitivity of the backward mode to collagen compared to the forward one.
A combination of TPEM signals (propidium iodide, scaffold autofluorescence) and SHG signal from collagen was used for 3-D reconstructions. These multimodal 3-D images simultaneously revealed both collagen and scaffold architecture, and cell localization [Figs. 2(e), 3(b2), 3(c2) and Videos 1, 2, and 3]. 
Discussion
SHG imaging was used for the analysis of various collagencontaining tissues, such as skin, tendon, muscles, cartilage, fascia, and endometrium. [7] [8] [9] [10] [11] [12] Structural changes of collagen in cryopreserved cartilage demonstrated by SHG imaging were also reported. 12 Our SHG images of cartilage showed a homogeneous signal from collagen in the extracellular matrix [Figs. 4(a) and 4(b) ]. This is in accordance with immunohistochemical staining of type II collagen [ Fig. 4(c) ].
The optimal technique of detecting SHG signal of collagen in scaffolds was investigated in the presented study, and both the backward and forward modes were tested. In general, SHG images differed in the forward and backward modes. Bianchini and Diaspro 9 and Cox et al. 11 showed that the SHG signal in the forward mode is unable to pass through samples thicker than 500 μm. This finding indicates that the backward SHG detection is more efficient than the forward mode in thick samples, which is in accordance with our results obtained using 100 to 300-μmthick samples.
Images obtained by employing either of two modes indicate a heterogeneous 3-D collagen distribution and are in agreement with collagen distribution determined by histochemical staining, although in short 5-day cell cultivation on scaffolds, the fluorescent collagen signal was found predominantly in the close Video 2 A 3-D reconstruction of collagen on a gelatine scaffold in the backward mode (magenta) [displayed also in Fig. 3(b2 vicinity of the cells. This reflects the binding of the antibody to both procollagen and immature collagen (Fig. 2) . On the contrary, the strong SHG signal was visible from well organized collagen in the extracellular matrix. This is in agreement with our previous observations in rabbits. 20 Similarly, the sparse SHG signal in gelatine scaffold may be explained by the high amount of immature collagen in the sample.
Aside from collagen, natural and synthetic scaffolds can be visualized by CLSM, TPEM, and SHG imaging. 18, 21 Fluorescent amino acids (tryptophan, tyrosine and phenylalanine) in collagen, elastin, and other proteins; advanced glycation end products, flavin adenin dinucleotide; nicotinamide adenine dinucleotide; porphyrin; melanin; lipofuscin, and other natural fluorophores contribute to autofluorescence. 22 The autofluorescence signal depends also on chemical composition of scaffolds; synthetic polyesters such as PCL contain the π-electrons necessary for fluorescence emission.
The type I and II collagen found in the scaffolds seeded with chondrocytes was produced by cells according to their state of differentiation, cell density, medium composition, and biomechanical stimulation. 23, 24 The SHG signal was sparsely distributed in the gelatine scaffolds, which was probably caused by a higher amount of immature collagen. A strong SHG signal was observed in a PCL scaffold [ Fig. 2(d) ]. The 3-D image reconstruction revealed a spatial distribution of mature collagen in the area with a high cell concentration [Figs. 2(e), 3(b2), and 3(c2) and Videos 1, 2, and 3]. The characterization of types of synthesized collagen using SHG in scaffolds will be the subject of future studies.
TPEM and SHG imaging have already been used for visualization of different tissues. 25, 26 In our experiments, CLSM, TPEM, and SHG imaging (forward and backward) was used for the visualization of in vitro prepared samples. Image analysis, stereological measurements, and 3-D reconstructions enabled us to quantify and visualize cell-collagen-scaffold systems, which had not yet been reported. We demonstrated the just mentioned Downloaded From: https://journals.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 03 Jan 2020 Terms of Use: https://journals.spiedigitallibrary.org/terms-of-use techniques to be powerful tools for the analysis and visualization of collagen-containing scaffolds, with a broad application in cartilage tissue engineering.
Summary
SHG imaging enables us to perform 3-D reconstruction and visualization of cell-collagen-scaffold systems. Collagen volume can thus be reliably determined throughout the scaffold thickness. Moreover, a concurrent application of TPEM makes it possible to correlate scaffold and cell distribution in the samples.
